The comment and response concerning the report of oxidation of methane to methanol by water (Reports, 5 May 2017, p. 523) do not fully capture the implications of thermodynamic limitations. A nonisothermal process in which each cycle requires a large temperature swing and permits only substoichiometric methane conversion surely could not be carried out on any practical scale.
T he report by Sushkevich et al. (1) of the oxidation of methane to methanol plus H 2 by water, catalyzed by a copper-exchanged zeolite, stimulated a comment by Periana (2) concerning the thermodynamic unfavorability of the net reaction, followed by a response from the original authors (3) that includes a detailed thermodynamic analysis. Although the latter may well be strictly correct, it leaves out a key aspect of the thermodynamic limitation on the potential feasibility of a process based on this chemistry.
The oxidation of methane here is carried out in a cyclic process, in which an "activated" catalyst reacts with methane to give bound methoxide, followed by extraction of the methoxide as methanol by water and regeneration of the active site by oxidation. There have been many prior reports of such cyclic processes involving methane activation by zeolite-supported transition metal centers, most frequently Fe or Cu, with regeneration commonly effected by oxidants such as O 2 , H 2 O 2 , or N 2 O (4). The temporal separation of methane activation from reoxidation is one important reason why this approach can afford methanol in high selectivity, sometimes exceeding 90%. Another key factor for selectivity is the fact that the initial product is sequestered at a surface site, thus retarding overoxidation, which would otherwise compete effectively.
The distinguishing feature of the present work is the oxidation by water: The second half of the cycle entails treatment with H 2 O, which both liberates methanol and reoxidizes the metal (here Cu) centers, accompanied by the formation of H 2 . The various steps of a cyclic process are represented schematically in the following equations, where the active site is an M n oxide species (M n = Cu II or Fe III ; the actual species will, of course, have much more complex structures) that activates methane to form a methoxide in Eq. 1, accompanied by reduction to M n-1 . Methanol is extracted by water in Eq. 2. In earlier work, the metal is reoxidized to M n by an oxidant, shown as O 2 in Eq. 3a; the sum of these three steps is overall reaction Eq. 4a. In the present work, water effects both methanol extraction as in Eq. 2 and reoxidation as in Eq. 3b, followed by purging under He to remove bound water (Eq. 3c); the overall reaction is thus Eq. 4b. As Periana notes, whereas Eq. 4a is strongly favored thermodynamically, Eq. 4b is highly unfavorable. At 200°C, the temperature at which methane activation takes place, the calculated equilibrium constant is around 10 −13 (2).
The response takes issue with several aspects of Periana's comment: that it assumes standard states for all reactants; that it ignores adsorption energies and intermediates that can provide stabilization along the way; and that it fails to recognize that the methanol desorption, reactivation, and dehydration steps are carried out at elevated temperatures, ramping up to 400°C (3).
Only the last of these is really important: That methane is supplied at elevated pressure and H 2 released at much lower pressure could have only a minor impact on an unfavorable K eq of such a magnitude, and the nature of intermediate species would have no effect at all on the thermodynamics of the overall transformation if it were isothermal. However, because Eqs. 3b and 3c (along with Eq. 2) take place at a higher temperature than Eq. 1, additivity no longer applies, and the net process of Eq. 4b may indeed be thermodynamically allowed. One way of explaining this effect is that a step with highly positive DS (Eq. 3c) takes place at a higher temperature than one with highly negative DS (Eq. 1), thus maximizing favorable entropic contributions to the overall DG of the process. Note that the use of a so-called "soft" oxidant, water, does not in itself afford any inherent improvement in selectivity for this process, as the reoxidation is temporally separated from the methane reaction. Sushkevich et al. do in fact find somewhat poorer selectivity when they carry out the reoxidation with O 2 , which they ascribe to formation of some harsher oxidizing sites (1), but that need not be the case for all such catalysts; indeed, as noted above, some studies on cyclic processes using "harder" oxidants have reported excellent selectivity.
More important, what their analysis neglects is the crucial role of thermal cycling. As Periana's comment shows, that is a requisite part of the process: Thermodynamics precludes isothermal operation at any reasonable temperature, in contrast to the earlier work with O 2 or other traditional oxidants. It is true that in many of those studies, reoxidation is carried out at a higher temperature as well, but that is not a thermodynamically imposed requirement; isothermal operationsometimes even in continuous, noncyclic modehas been achieved in a few instances (4) . Here, that could not be possible.
Where does the heat needed to achieve this required temperature increase come from? Obviously, from burning something! When viewed globally, this is not really an anaerobic process at all; rather, the introduction of O 2 is separated from the methane activation both temporally and spatially, taking place outside the main reactor. Ideally one could imagine that burning the H 2 liberated in Eq. 3b would produce the needed heat, giving us the additional Eq. 5:
When that is added in, the overall transformation reported here-counting everything-becomes Eq. 4a, not 4b, which provides an alternative explanation of why it is thermodynamically allowed.
(In a real process, the amount of heat thus generated would surely be insufficient, requiring the combustion of additional feedstock and thus substantially reducing the efficiency of the overall process.) Sushkevich et al. conclude that "…it is too early to estimate the financial costs of this process and to doubt the possibility of its commercialization" (3) . Could a large-scale process (as will certainly be needed for methane conversion) that is restricted on thermodynamic grounds to a cyclic mode, in which a maximum of half an equivalent of methane per metal center can be converted per cycle, and that requires a substantial temperature swing on each cycle, really prove to be commercially feasible? Given such constraints, I do not believe it is at all too early to doubt.
